craniosynostosis. The same population of patients was recently used in another study in which we investigated growth of the skull base in patients with craniosynostosis. 36 Computerized tomography scans were obtained in each patient before surgery. Postoperative CT scans obtained after FOA surgery were available for seven patients and were included in the study. Children with mild forms of craniosynostosis that did not require surgical treatment and those with associated hypertelorism that needed surgical correction were not included. Additionally, children who presented at ages older than 36 months were not included in this study. For all patients, the age at presentation used for statistical analysis was their age at the time the first CT investigation was performed. Of the 50 children, 31 were male (62%). Age at presentation varied from 1 to 29 months, with a mean of 9.8 months (SD 7.6 months, SEM 0.99). Figure 1 provides the age distribution for the entire group. The majority of the patients presented during the first 12 months of life (41 [82%] of 50 patients). The mean age at presentation for patients younger than 12 months of age was 6 months (SD 3.3 months). Table 1 shows the distribution of the different types of craniosynostosis found in the patients. This distribution is representative of the frequency of various types of craniosynostosis.
Methodological Procedures
Preoperative orbital volumes were measured from CT scans. Subsequently, the volumes were plotted according to the patients' age at presentation. This allowed the creation of a scatterplot of volume against age. Using the Lowess smoothing procedure, best-fit curves were calculated on this scatterplot by using 60% of the points and three iterations. These curves represent changes in orbital volume that are associated with increasing age throughout childhood. The procedure eliminates the influence of very high or very low values, producing an averaging effect. 4 This allowed the creation of a model for orbital growth in children with craniosynostosis and the subsequent comparison of this model with the reference model of normal orbital growth, given in our companion article 2 in this issue of the Journal of Neurosurgery. The effect of different variables influencing orbital growth in craniosynostosis was assessed. Variables we examined included patient sex, number and location of sutures involved, and the presence of syndromic and nonsyndromic forms of craniosynostosis.
Segmentation Procedure
For measurement of orbital volume in this study, we selected the segmentation procedure as described in our companion article on normal changes in orbital volume. 2 We examined CT scans that had been obtained with 4-mm contiguous slices after reoperation; these scans had been performed as part of a standard 3D CT protocol. "Bone" algorithms were used to minimize the partial volume effect that regionally dense bone can produce, especially in the skull base.
After importing the CT scans into the software, segmentation was performed. For determination of orbital volume, the interface between the inner bony orbital walls and the soft tissue contents of the orbit was outlined on every slice. On CT scans adjusted by bone algorithms, the bone-soft tissue interface is easily identifiable because the bone appears white (high density) and the orbital soft tissue contents appear gray (medium density) (Fig. 2 left) . These clearly identifiable appearances allow us to use semiautomatic segmentation for most slices, with consistently accurate and reproducible results. Some manual editing was required for the posterior and anterior ends of the orbit.
The surface of every outline was measured in each slice and, knowing the thickness of the slices, the volume of every slice was calculated by multiplying the value of the surface by the slice thickness. The total volume of the orbital cavity was calculated by adding the volumes of all slices. In addition to calculating the volume of the intracranial cavity, a graphic representation of its 3D arrangement was constructed. The outlines produced by drawing around the bone-orbital contents interface were reconstructed in three dimensions to create volume slices, and the slices were subsequently stacked hierarchically. This produced a 3D object, which in effect was a computer-designed cast of the orbital cavity (Fig. 2 right) . The extent of deformation of the orbital cavity observed in various forms of craniosynostosis and a comparison with normal structures scanned in other individuals was easily appreciated. Table 2 demonstrates the age at presentation, sex, type of craniosynostosis, and measured orbital volumes in patients with craniosynostosis. No statistically significant difference between left and right orbital volumes was found in these patients, a finding that also has been demonstrated in the normal model that appears in Fig. 2 right of our accompanying article. 2 Therefore it was believed to be appropriate that further comparisons between the two groups could be made using mean values of orbital volume. The mean orbital volume in patients with craniosynostosis for both sexes during the first 2 months of life lies in the region of 6.6 cm 3 , compared with 8.6 cm 3 in the control group. This difference tends toward statistical significance (p = 0.08). As Fig. 3 upper left demonstrates, however, by the time the children are 12 months old, the craniosynostosis group achieve normal orbital volumes and, from that age onward, volume closely follows the normal growth pattern. Patients who presented late, after the age of 1 year were found to have orbital volumes comparable to normal reference values. In view of the rapid changes in volume during the 1st year of life in both control and craniosynostosis groups, a statistical comparison of mean volumes would not be appropriate due to the small numbers of patients. Similarly, the results of an analysis of various factors affecting orbital growth should be interpreted with caution, in view of the small numbers of patients contained in the subgroups.
Results

Influence of Sex
Analysis of patients with craniosynostosis according to sex is shown in Fig. 3 upper right. Orbital volumes for both sexes are similarly low at birth, but those of male infants subsequently increase at an accelerated rate, compared with those of female infants, allowing the difference between the sexes to develop by the second half of the 1st year. Bearing in mind the normal values shown in our accompanying publication on normal orbital volume, 2 normal values are achieved in male infants at 6 months of age and in female infants at 8 months of age. Figure 3 center left demonstrates differences in orbital volumes related to the three most common types of single suture synostosis (unilateral coronal, metopic, and sagittal synostosis), with all groups attaining normal orbital volumes by the time the children reach 12 months of age. Interestingly, in patients who present during the first 6 months of life with involvement of the midline suture (sagittal or metopic) orbital volumes are higher than normal, compared with those who present later with normal values. Figure 3 center right demonstrates the differences in orbital volumes related to the three most common types of multiple-suture synostosis (bicoronal nonsyndromic, Crouzon syndrome, and Apert syndrome), with normal orbital volumes attained in all groups by the time the children reach 12 months of age. In patients who presented during the first 6 months of life, smaller than normal values were measured for all types of synostosis. In Fig. 3 lower left bicoronal synostosis is classified in both syndromic (including all patients with syndromes) and nonsyndromic types. Both groups of patients were found to have significantly low orbital volumes within the first few months of life. Nevertheless, in both groups normal orbital volumes are approached by the end of the 1st year of life. The deflection of the curve for nonsyndromic synostosis toward very positive values after patients reach 18 months of age is due to one patient in whom the values were high and probably not representative of the whole group. There does not appear to be a significant difference between the two types during the first 12 months of life. These findings contrast with the commonly held belief that syndromic forms of bicoronal synostosis are universally associated with reduced orbital volume, compared with nonsyndromic suture deformity.
Types of Craniosynostosis
When unicoronal patients with synostosis were assessed separately, it was interesting to note that, in all 12 patients the orbit ipsilateral to the affected side was smaller than the contralateral orbit with a mean difference of Ϫ1.31 cm ). Despite the significant difference in volume between affected and nonaffected sides, the volumes of the affected orbits were not significantly reduced when compared with the control unaffected group. This implies that there is a compensatory increase in orbital volume on the nonaffected side in patients with unilateral coronal synostosis. Table 3 shows postoperative values of orbital volume in seven patients. In preoperative orbital volume, the postoperative volume has reached normal values. Those with higher-than-normal preoperative orbital volumes continue to have high values postoperatively.
Effect of FOA Surgery
Discussion
Craniosynostosis often produces overt frontoorbital dysmorphism. The aim of corrective craniofacial surgery is to release any osseous constriction, correct the deformity, and allow for further normal growth. For a long time it was assumed that, due to the obvious orbital dysmorphism in individuals with craniosynostosis, there was an associated reduction in orbital volume. This hypothesis has never been tested with volumetric studies. Knowledge of changes in orbital volume in patients with craniosynostosis would help plan the type and timing of surgery, allowing surgeons to choose the optimal time to operate to maximize the effects of normal growth processes while avoiding the need for further corrective surgery.
Although previous work has been published on the morphological issues of linear orbital growth both in the normal state and in craniosynostosis, little work exists in which measures of orbital growth have been investigated. Previous cephalometric analysis, 3 although helpful in monitoring certain structures in the lateral view, is not so easily applied to those structures located away from the midline, such as the orbits, and even less so when asymmetries are involved. Computerized tomography scanning has taken a leading role as the diagnostic imaging of choice in craniofacial surgery. 18, 25 A study of orbital growth, in which linear orbital measurements based on axial CT images were obtained in both children with normal cranial structures and those with craniosynostosis, has been reported. 37 In only one study, however, have changes in orbital volume preand postoperatively been reported in a group of children with unilateral plagiocephaly. 17 The authors of that work highlighted the problems of interpretation of actual data in the absence of a normative database for unaffected children and children with craniosynostosis who have not been treated surgically.
The main drawback of the present study is the small number of patients in each subgroup. For this reason, we have interpreted with caution the results of the statistical analyses and the study has a largely observational character, monitoring trends in volume changes.
Influence of Patient Sex on Orbital Growth
Previous authors have indicated that girls are more affected by craniosynostosis than boys, 11,13 based on observations relating to intracranial volume and ICP monitoring. Nevertheless, in a study of intracranial volume in which the same segmentation procedure used in this article for orbital volume estimations was implemented, it was shown that children of both sexes tend to be equally affected by the craniosynostosis process. The difference in intracranial volume between the sexes after the age of 12 months displays a similar relationship between normal controls. 35 
Relationship Between Intracranial and Orbital Volume
Changes in orbital volume that accompany advancing age in children with craniosynostosis follow very closely growth curves for changes in intracranial volume observed in a study performed using the same segmentation procedure and similar populations. 35 Meanwhile, in a study of skull base growth in the same group of patients selected for this study, regional variations were observed between the sexes. 36 Whereas normal values for anterior fossa growth are rapidly attained in boys with craniosynostosis within the first few months of life, in girls a persistently shallow anterior fossa has been demonstrated. In both sexes a wider middle fossa and shallow posterior fossa have been ob- served, but changes in the posterior fossa are more pronounced in girls. It would appear therefore that changes in orbital volume in patients with craniosynostosis tend to follow a growth pattern similar to that of intracranial volume, rather than that of skull base growth.
Influence of the Type of Craniosynostosis on Orbital Growth
An important finding of this study is the observation that, in individuals with various types of craniosynostosis, nor- mal orbital volumes are eventually reached by the time the patients are 1 year of age. This parallels the findings of previous studies of intracranial volume in patients with craniosynostosis, 35 in which the dynamics of growth appear to be the same for syndromic and nonsyndromic bicoronal synostosis. Of interest is the observation that, in patients in whom there is midline suture involvement, orbital volume is greater than normal within the first few months of life. At that time the synostotic process is still active and compensatory changes are at their highest. After patients reach the age of 12 months, when the synostotic process has subsided, orbital volume normalizes.
With regard to the significantly reduced orbital volume of the affected side in cases of unicoronal synostosis, the results of a previous study 17 failed to show a significant relationship between orbital volume and the affected side. The authors of this report noted that, on the basis of their crosssectional data, before surgery the volume of the orbital cavity ipsilateral to the synostosis became smaller than that on the contralateral side. They also noted that the volume ratio of both orbits before and following frontoorbital surgery were unchanged. It is interesting that the mean age of patients with unicoronal synostosis in our study was 13 months, whereas the mean age in that previous study was only 4 months. It could be interpreted that the difference in orbital volume is more significant at a younger age. The synostotic process is still active at 4 months of age, as shown in Fig. 3 center left, which demonstrates that, in patients with unicoronal synostosis, normal orbital volume is not reached until 11 months of age.
A surprise finding was that orbital volume is similarly affected in different types of bicoronal synostosis. This is contrary to the commonly held belief that syndromic bicoronal synostosis affects orbits to a more severe degree. It is postulated that the difference in appearance of the orbits between the two groups perceived during clinical examination is due to a difference in the geometry of the orbital walls, which influences the position of the eye globe, rather than total orbital volume.
Type and Timing of Surgery in Patients With Craniosynostosis
The various forms of craniofacial surgery performed in most hospitals today aim to provide not only a reduction in raised ICP with restoration of normal skull growth by counteracting the constricting effects of fused sutures, but also a cosmetic improvement in craniofacial form. Inherent in this is improved ocular protection and normalization of orbital volume and form. 6, 10, 15, [19] [20] [21] 23, 26, 39 On the basis of our findings and those of previous studies, it would seem that the constrictive effects on orbital and skull growth of craniosynostosis are maximum at birth and gradually decline, with both orbital and cranial volumes attaining normal levels by 9 to 12 months of age, as the process burns out and growth accelerates to reach normal levels. 35, 36 Thus, those children who undergo FOA surgery after 9 months of age have normal preoperative orbital and intracranial volumes. This view is reinforced by the following findings of other studies: 1) postoperative intracranial volumes in children who have undergone FOA surgery are significantly larger than normal; 5, 35 2) there is a high incidence of frontal extradural collections at the site of the advancement; 27,30,31 and 3) it is cerebrospinal fluid rather than decompressed brain that occupies the newly created space following successful correction of unilateral coronal synostosis. 28 Early FOA surgery has been regarded as important in the effort to minimize the functional side effects of raised ICP on psychological development, which is being increasingly recognized.
14 In addition, earlier release of restricted frontoorbital growth has been supposed to minimize subsequent craniofacial deformity. No relationship between intracranial volume and ICP has been found, 9, 12 however, and corrective frontoorbital surgery performed within the first few months of life has been associated with a large relapse rate and restenosis. 7, 21, 22, 33, 35, 38, 39 This could be explained by the fact that the operation was performed when the craniosynostotic process was still active and, therefore, the effects of FOA surgery are less likely to be maintained. This view is supported by the observation that frontoorbital advancement at an early age needs to include some overcorrection to achieve a good result. Based on our own findings in cases of unicoronal synostosis, normal mean orbital volumes are not reached until the patient reaches 11 months of age; this would suggest that if surgery is performed before this time, while the synostotic process is still active, an improvement in the ratio of the affected to nonaffected side would be difficult to achieve. This has been previously described when correction was attempted at a mean age of 4 months. 17 It has been demonstrated that there are measurable deformities in skull base configuration in children with craniosynostosis, which result from abnormal early closure of skull base sutures 8 and that following forehead advancement, the skull base deformity may revert to a more normal configuration. 1, 24 It is equally well established that, in most forms of craniosynostosis, the anterior skull base is abnormally formed as a result of varying degrees of involvement of the sphenoethmoidal suture. 1 The effects of these skull base abnormalities on orbital growth is not known; however, we found that in children with craniosynostosis, the dimensions of the anterior fossa reach normal values within the first few months of life in male infants and remains underdeveloped in female infants. 36 As shown in this study, this does not seem to affect orbital growth patterns directly because orbital volume reaches normal values in both sexes before the end of the 1st year of life.
It is now accepted that most forms of coronal synostosis have an associated posterior skull base deformity due to abnormal growth of the sphenooccipital suture. 1, 32 This is more pronounced during the first 3 years of life, when considerable growth of the posterior fossa occurs. 36 Clinical observation has shown that, in some forms of syndromic craniosynostosis, posterior skull release improves skull shape dramatically and may even spare the patient from undergoing anterior surgery. 34 In cases of craniosynostosis involving multiple sutures and craniofacial syndromes, raised ICP frequently demands early surgical intervention. One problem identifiable before a patient reaches 6 months of age is recurrent craniosynostosis requiring further corrective surgery. In a previous study from our center, 38 recurrent stenosis occurred in 15 (5%) of 275 patients treated between 1978 and 1994. In another study the authors outlined outcomes in 19 syndromic children with craniosynostosis and concomitant raised ICP who were treated with posterior skull release surgery followed by FOA when they were 12 months of age or older. 34 By adopting the policy of allowing ICP to dissipate posteriorly away from the orbits, recurrent frontoorbital surgery for restenosis was avoided in most patients and, in three patients, no further surgery was required at all. The exception to this policy has usually been observed in patients with complex pansynostosis, in whom the presence of severe exorbitism poses a real threat to vision. Under these circumstances early FOA surgery is mandatory, but an additional posterior skull release procedure may be helpful later. 34 
Conclusions
In this study we provide reference values for orbital growth in children with craniosynostosis by applying a volumetric analysis based on a segmentation technique. We have demonstrated for the first time that in these children orbital growth, judged by volume estimation, is significantly reduced compared with normal at birth, but that subsequently it accelerates rapidly, reaching normal values toward the end of the 1st year of life. We have also shown that in patients with unicoronal synostosis orbital volumes are significantly reduced on the affected side.
These findings tend to suggest that, with respect to orbital volume, it would be better to delay FOA surgery whenever possible, until the second half of the 1st year of life, when the effects of the synostotic process are subsiding. A more stable result from surgery could thus be achieved by allowed orbital growth to compensate for the earlier constrictive process. Obviously, in cases of severe exorbitism, this has to be managed with immediate FOA or monobloc advancement, but if the primary concern is only raised ICP, the results of our study and those of others performed in our center would suggest that good relief can be gained with posterior decompression. This allows for continued orbital growth to ensue unhindered by the effects of frontoorbital surgery at an early stage, and provides the best possible conditions for FOA to be performed toward the end of the 1st year of life, when the effects of the craniosynostotic process on orbital growth are least active and the risk of surgical relapse is lower.
